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Introduction
- . . X

kmong the oceans of the world, the Arctic Ocean is uniqgue in being
covered with ice. In summer, sea ice covers only the central part of th;
Arctic Ocean but in winter, pack ice expands to cover the entire Arctic Ocean,
as well as surrounéiﬁg seas such as the Bering and Barents. The study of the
physical oceanography of arctic seas has been slowed in the past by the
difficulties of working through this ice cover. The objective of research
under this contract has been description and understanding of the currents and
hydrography beneath the ice pack wusing drifting ice floes as research
platforms. Particular emphasis has been placed on fine~scale and mesoscale
featurés such as eddies, fronts and wind-driven motion. Field work under this
contract was conducted in conjunction with three expeditions:

(1) Arctic Ice Dynamics Joint Experiment, (AIDJEX), 1975-76,
(2) FRAM I, 1I, III and IV drifting ice stations, 1979-82,
{3) Marginal Ice Zone Experiment (MIZEX), 1983,

These three expeditions represent a progression in geographical location
beginning in the Beaufort Sea with AIDJEX in the mid-1970's, moving across the
North Pole to the eastern Arctic Ocean with the FRAM stations in the 1late
1970's and early 1980's and finally, last year, in the marginal ice zone where
the edge of the ice pack fronts on the open waters of the Greenland Sea.
There was a common objective in all of these expeditions: the mesoscale and
finescale oceanographic structure of the Arctic Oceah. Measurements of
currents, as well as the salinity and temperature fields of the upper ocean,
were included in all programs.

The AIDJEX measurements were conduced from an array of four drifting ice

stations over a period of one year. This provided coverage over an annual
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cycle for the area enclosed by the 100-km array. This produced the first
-comblete seasonal data on‘ﬂﬁxed layer behavior beneath pack ice showing the
transition from the winter, when brine~induced convection dominates, to summer
when runoff of meltwater results in a thin low-salinity surface layer mixed—by
ice motion. 1In the AIDJEX pilot experiments, vigorous sub-surface eddies had
been detected anﬁﬁ"in the main AIDJEX program the eddy field was further
confirmed and statistics were obtained showing the widespread occurrence of
these features in the Beaufort Sea and their important contribution to the
total kinetic energy.

With the commencement of the FRAM expeditions in 1979, emphasis shifted
to time scales less than annual and to wider coverage in area. A major
advance in oceanographic technigues for polar oceans was effected beginning
with FRAM I in which helicopters and lightweight portable conductivity-
salinity-temperature-depth (CSTD) instruments were used to profile the upper
500 m of the ocean -over a wide area with a close spacing of stations.
Helicopters were based at each of the FRAM camps, permitting a quasi-synoptic
survey to be carried out around the camps to a radius of about 100 miles. The
range was extended by the drift of the camps during the five or six weeks of
spring operations each year. Surveys were most extensive in 1979 and 1981
from the FRAM I and III1 camps. From the FRAM expeditions came new under-
standing of oceanographic condtions in the eastern Arctic north of Fram

Strait, the major connection between the Arctic Ocean and the rest of the

-

! world ocean. The oceanic front which separates outflowing polar waters from
inflowing Atlantic waters was demarcated and the melting rate for the ice

; above the Atlantic Water was estimated. Mesoscale eddy activity appeared

: reduced in this area when compared with previous experience in the Beaufort
Sea.

;
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The helicopter/CSTD program was continued and expanded during the MIZEX

“project which began with'a pilot program in 1983. The aim of MIZEX was a

coordinated study of air-sea-ice interaction across the edge of the ice pack
in the Fram Strait region. The Lamont helo/CSTD effort mapped oceanographic
structure on the ice side of the margin, while structure on the open water
side of the edge “Was surveyed by other groups using conventional techniques
using ships.

These expeditions are summarized in three review papers included here.
More details can be found in the references included with the reviews, as well
as in references in the bibliography of publications produced under funding

from this contract.
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Review of the AIDJEX Oceanographic Program

by Kenneth Hunkins

from Sea Ice Processes and Models, Proc. of the Arctic Ice Dynamics

Joint Experiment Int'l. Committee on Snow and Ice Symposium,™ ed. by

R. Pritchard, Univ. of Wash. Press, Seattle, 1980.
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. Trozuent cEilit-ation, The TIl.-Zd Dedvo Iotilrne S s TTont i
: 2 zné 0 zm Zezin o vire vzed ws oa zoesiorsd s o Ave ol L Lz neiilra- l
Y2 =z=rz St tne Tiiezd I-ztro-int: oon o grchoTacoi,
a < <
4 IEZ L1 e Ih Lok 20T-u:

= of ihe ¢ zreTRic T of LIDIZIX weas T
Z SLrzecs &z Irne Vo.Lir~Ig Tzze. I+t ves ‘ﬁ
ce LIvermenis Zno oz Ihnirt tizmes so3zle ihe dce Ty
ile Ter Iine ilve snzlis Thz witnar Lr-zrred —
¥ R - B S.wd furisg ute LETZ rTilsmert uwsilng a2 o

. 2tncé vrnich Jersnde egronil orn he cu=zlity
cLis éces not involIve tnes tsual Tounizry leyer &cs- ;:
surptions. FEodcgraphs cennecting ihe tips of ihe currenti vectors 3
at C€iflerent c€epins generally sheweéd 2 modifieé Zroen spiral, J
nodified in thet the spiral did not exactly mztch the itheoreticel -
one for cconstant eddy viscosity but Eéié show ihe characteristic 3

clockwise iturning with depth. This general patiern of a moéified

1 i e uppermcst leyers Lzs 2lso Teen ofien observed

o
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Tne zeéxircum l2-hour mezn vind steed orserved during the
month of otservations in 1972 wes 10.0 m/s. Tnis is ecuivalent
Lo a vipéd sirscss of 1.9 dynes/cme. ITne corresponding weier siress
mzasured ty the mezentum ipitzzre) itechnigue vas 1.1 dynes/cme.
Tome reszulils in 21972 indiceated tiat the precsire-grzdient Torce
wes negligitie orn the ice on = =hort time scele Tut t-net the wirnd, —
veter, Ccriolis and initernal ice girecss were 1) of ccxzeredle .
zegnitude. It might bLe expected that cver Zczrer Iinme sceles the
pressure-gradient feorce might increzse inm izportiznce.

One of the objectives is
e useful dreg coefficient. it wes shown that, on th
1972 data, the geostrophie érzg coefficient might be =z us
cept for numericel podels and thet the Arctic Oceazn datz
with resuits Trom otither areas (Zunkizns, 1975).

10 provide numerical modeli
e

A cuestion of importance iz ithe drag effect of lzrge keels
vhich rroirude deep ¥nto ithe mized 2zYer or even ihrougzn it. In-
conclusive atiemris were rcade o seiile ire guestion Ty ifheoreti- -
cel znd tenk molel =zrguments. Rizty (197L) cencluded *hat the
pressure Or form drzg of kesls Gdue 10 producticon of initernzl weves
right be of inportiaznce, especially in summer when the urnper leyers
ere siratified. ©THunkins (1%7k) rescaled tzn¥ exxerizeni deta meeas-
ured by Ikoan cver 60 years earlier. Ckmen's expericmenis wsere ai- -
Tected to &an eerly ovservation of ipiternal weve Erazg vnen the FELY I
was slowed unusually in a highly stiretified siiveticn off the Si-
berien coest with nearly fresh wsiter over oceean waier. Hunkins
concluced that internel weave drag of large keels vzs unlikely to
[ 3 te icportiznt. Direct exDerizmenis on the cuestiop vere pe=rforzed .
: by Rigby during the Zzin exrerivzni Ttui the resulis 4¢ neci seem ¢
neve been conclusive. -
]
9
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The =izzd 1 v c siriniscly In vwizt
aretiec Trofil=s ket zoinity dis ziirituie
trine cenveciion ig. ine Is relezsecé dur:
irg to sirnk down or el of ezuivelent densizy,
cverturrni end ing avers 25 It fdescenéds. Mosi
erctic czre c = zxen In Inter znd sprinsg
—¢cnine., iy e ~=ztrie 221y in beitle
tné tnsEr Tar Tz s of lure Ing ev-
olugicn - not evelil 1GT72 wxTerin , the Tmized
leyver ves a2tout 35 - dsep wWitn 2 sherp Lrezi a2t (nhzi level 10 2
stezep grazcéient in itemperziure znd szlinity. The ccocntinuvecus re-
cord of itne Guiiciine CTD showed ithe unDder 15 = to te often urn-
sizple wiinin <the resolution of the insirurenis. The regicn
from 15 to 35 r vhile still hevimg +irbe zrvearance of & rixed
layer wazs neutreal or sligntly sizble (Swmith, 127k).

Results from the 1975~6 experiment with Plessey STDs show
that the mixed layer often -=es slight steps anég that the de-
tails of the structure are noi cocherent over the 100 km array.
The nmixed lazver Iin the string of 1975 wes a2bout 50 = deep. The
srall sieps in ithe nmixed lzyer ma2y be due to strcng brime con-
vection ven=sazth 2 relreezing leszd,

Fiuid éiynemicel erguments suggest that suveh stevs azre limited
to 2 norizeoriael extent of ebout 2 kilozmeters. Their horizontel
sprezd is lizmited to zpproximately the Rossby rediux of delorce-
+ion vhich is s=all for such sxmell density differences &s these
steps in the mixed layer (Stormel, 1569).

There are ivo principle stirring mechaniszs by which =
mixed layer ray be formegd: gravitational convection &nd mech-
enical stirring. £lthough the graviteticnal convection due to
brine extrusion éuring freezing is usually cornsidered most impor~

tznt,
Previous studies nﬁve not
tence of the ivo regimes (Solowmon, 1973).
settle the cuecstion wahen they &re nmore i1hor
i1vo rcech nis:s stouldéd crerete on

sca2ies wiith mechanical
m scale of ithe wind field

¥r scale of lezcés.
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1 to 10

Few summertime observations vwere avall
ers before 1975. The AIDJEX records show t
gradient in temperature and salinity ofben
éduring sumnmer vwhen freskhwatler runoff frem m
stretifies the upper lazyers. A shellov rix
ibe Tirst freezing cevelors &nd is =z2bout 15

ens slowly, reaching 20 n in DecexTe
ng to reach L0 or 50 » by tLor
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rmechenical stirring by ice drift must al=o play soxe Dpart.

r»‘ative impor-

T

help

an

ct
O €
s BN TR
[SIA VPSS

-y

m M et

[c I ] n

33 00 e
[a]

o 0N p o3




g . .duuo parqmaug 3@ 8Tyyoxd £3TUTTYs puv ainguidduwdy - 2 ITd
¢
(v)y < -5V
\
02 o/ 0’0 o~ 02-
_ | _ | | (0 s930)
{008
L
—g,
: {009
3
, z
_.A —
! a
oov >
» ». . L
..., ]
.... . ,’OJ"I[" 1
} J { ooz |
; ]
- *007 ]
02 ] B s |
—— A = = - - - * ' ' o
- . . . . g 9° " z 0'gg  ® 9’ v’ h
, ¢. N. w.wm . . . . 0'€¢ .. ) . (Ldd)
. : : 08 : . . . otie
p .
1




N DRI S S S standh - . gy v - .
Wl =l FINVIN FLOW
- 3
wind Tields cwver [: wilh trhe synortic melecr-
olccizezl cyele of & Tev S zre urually fuoolh
tut Frentel eeoitivity exi s cuite srheary changes
are crscrved. Tne ice r wind &and 1ine wzier in B
turn -zsrzonds to the idce =g Tzocorme zirarent Treoxm
the 257¢-¢€ cazie 1rnzt the oc 3 :nd Tercircnicel-
Jv 10 ithefe srhert tirn vind chzmgecs - :
o ire czze . : - :
Tney 40 nov I € The
orly 6 2006 = Tux 1 e Teglor stz
This suggests that they =zre berotrepic and =
deoins.

BELR0CLINIC EDDIES

Ope of the unexpected oceenogreviaic results of ihe 1572
AIDJEX prcgram was the cetection of swift suvosurface currents
localized in the bycnocline. These currenis coincided with tke
region of s‘zeneet censity gradient beiween 50 znd 200 =. Haxi-
mum speeds, found 2t a cepth of zbout 150 m, rezched LO cm/s.
This spezd far exceeded ithe mezn current of 1.8 c=/s {(Eunkins,

197k; Xewion, 1972; Wewion et 21., 197k).

M

3

Aithough tnere had been indicetions of irans
rents by P. P. Shirshov as early =s 1637 (Seivekov, 1972), the

details and horizontal extent were not known. In 1972, these
transient currents were shown to occur a2s nearly circulzsr ed-
dies with dizmeters of 10 to 20 km. Individval eddies wzre sep-
arated by 8 spacing of 20 to 50 knm. Both cvyvelonic and anticy-
clonic circulation were observed. The eddies are sirongly barc-
clinic with sigoatures in both the velocity znd density fields.

The fqQrce balance is neazrly geostrophic zlihough centrifucgal

< . . . . P -
forcef€lso of sone significznce since the eddies have such a smell
raaius.

The deiection of subsurfac e edéies rroviées a new cEinension
10 ihe energy talance in the Lrciic Ocean., MNost of tre kipetic
energy is corieiped in these eddles reiner then in the Cean our-
rent. For exzrrle, in the uopper rcixed lzyer the Xinetic energy
wves T ergs/c:3 vhile &2t 100 Xkm neer the pexizum eddy velocity it
ves 63 ergs/cm3, nearly &n order of masegnitude grezster.

In the £zin expericmert of 1975-~6 eddies were detecited 2zt all
four camps. Exzmples of current velocity rrofiles thrcocugh eddies
2t two camps are shown in fig. 3. They diiffer from the varoiropic
vipd-driven motiors by often occurring when ithere 1s l1iiile ice mo-
tion &nd by their strong vertical chesr The meax snwged Vis
founéd &t 150 m in 1972 dut in 1975-6 speed mexi ofien scme-
vhaet shaliover. Current e: of over 60 cx/s were cbsserved in

h
975-6.
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ernts witn Incrizzed tine =znd stece reseluticn tzve

z ¢ glect T t=z=r iiniz £5€les In the Aillantic Crczn
SrLerz.iney nzve Lz N L oef Zziteziled ziuldy during ne
United Stziec MODE suz =nd foviet FOUOLYZCH exzer: ts.
Tre zretie eidies ¢ilfer Trecz e ic crnes ip tvwo ¥ . The
Lerizonta2l znéd vertic=zl) Ztemce g0 the zrciic e«cédies zre much
cz=ller Teetectively, 20 xm zndé U ~azn ithcse in tne =ztlentic,
100 =z =zné L,250 m. This sy te - to ithe sizeper &znd shal-
lever Lycnosline in trhe Lretic Ccezan. The Szrih of zZexizunm velo-
civv zlgo £ilTsrs Teivwesan Ire two on €, in tre tilan-
tic it is grezvnanliy =i ine sur : 2z ¢cn 1nhis is not
€efinite, in 1he Lrcectic the zzxir telicw the sur-
fzce &t G0 io 150 m. Trhis zoppezrs cresence of the
ice cover ageinst which the eddédy i cizssipated. Tbus
the ALrciic ecéies enlerce the itype néit under vnich ed-
dies zre kncwn to exist. Tne prevelence znd energy of eddy mo-
tion hes led to & change in idees of ocean circulation. Earlier
ideas were of 2 mean circulztion disturbed onrnly by srall pertur-
bations. The overwhelming contribution of eddies to the energet-
ics of the ocean now reqguire & reassessment of these ideas.

ZDDY GENERATION

Scme corment end speculaetion on the pcssible origins and ef-
fects of these energetic feztiures is needed. Cne of the first

sters is to exzmine ihe correlziion between ile-perziure and sal-
inity within the edcdy to see if it egrees witihL ithrhet in surroundé-
ing wveters. Newton et 21. (1974) found the evidence supporied a
distant origin although Hunkins(1974) found the evidence incon-

clusive.

The only serious proposal for 2 mechanism of generztionm so
fer seers to be connected with the instability of vertical shear
in 2 stratified fluid under certain conditions. This mechanism
is essentially the szme as that used 1o explain the breeckup of
the mean westerly winds in the atmosrvhere into the familiar cy-
clones and anticyclones. There is & basic shear of 2 or 3 cm/sec
across the pycnocline in this part of the Arctic Oceen. Celcula-
tions show thet this is unstiable bui with growih perioés of many
monins. The growih period is the time tzken Tor &n infinitesimal
disturbtance to grov by a factor of e. Growth 1is zeaxirum for *cer-
tein intermediate vavelengths which are on the order of the Ross-
by radius of deformexiion. Since the Rossby radius is 10 to 20 km
in the Arctic Ocean, depending on the detzils of-kow it is calcu-
lated, the baroclinic instability origin is 2 reasscnablie ceandi-
dete. The slow growth rate in the LIDJEX arees end more Tevorebdle
growth conditions neazr the Aleskan Continental Slope suggestied to
Bunkins (1974) 2nd Bart and Killworth (1976) that they might be
generated there and advected north to the AIDJEY area. The eflect
of the botior slove, enhanced shear a2nd leck of sunmer ice cover
there 211 Tavor instebility in the flesken Continentazl Slore re-
gion.

PO




It mi o1t typically be in the area of 1 to 10 cm2/s in z stieep

Tne =zutsurfzce syzed zZzxizun Is cne of the ur Tezraores
ctic &léies which Is eriirentily not fcunmdé In crezn =d-
Friciicrnel gdiselrgilicn zr-zinsd the 22 ccocver 1s the zost

iy ceuse ¢f ithe édecrezse in veleciiy nezr the zurfzce. ESln-

nzories of Tzroclinic inetzriliizy yielé éisturtznce veloci- —

elfs wiih & =zxinmus at ithe surfzce 17 expcnenilial z—c=n den-

z2n€ nean velocity Tields are iniroduceé. Zxyxocneptial mezn -

£ =¢ied zretic conéitions Tairly vwell. Tr.e Trecsence of <the .

over 2ces not chznge the verticel profile, cnly cecreesing -

rovih rzte =n€ skifting it to & lenger vaovelencin., It is -
T itle ithzt hE>cifiles zre generezied in oren weaisr nesr ihe —_
L3 en Tcnitinentel Shell in sunner. They ithen are carrieé um-
Zer irne ice pack with the mean current. Cnce uncer the ice the
velociiy &t ihe surface is slcocwed by the ice. The weter in the
zixed leyer rust be guickly slowed by ithe Ekman spin-éown pro- D
cess in voich cmomentum is spread quickly by secondary circule- )
tions throughout the leayer. The response time for Ekman spin- -
dcwn is in the neighborhood of one day. The highly stratified 1

izyers belovw tbe mixed layer will lcse their momentum much more
slowly. If the stratification is great enough no secondary cir-
culetion develops and momentum is lost by diffusion alone. 1In
ihis case a simple model may be develored for the eddy behavior 'WJ
telow the mixed layer showing the deepening and decay of ithe ed-

dy meximum with time. The diffusive response time is of the or-

éer TdAV'Be/K Tor eddy 4aiffusion to zttain a2 deptn H. H is the -
cepth beiow the mixed lezyer of the velocity maxirum. The eddy L
¢iffvsion coefficient,. K, is an unkncwvn paremeiter which must ul- -
timaztely be ae»ermlnen?ocse*v*tlons. There is however some in-
forzmation on the size of K from meesurements in other oceans.

pycnocline such as the arctic one. For K =1 and H = 100 m,
13 ~~3 yrs; while for K = 10, 1, ~ 100 days. Thus the time tak-
en for the eddies to reach their observed form is on the order

of months to years according to igese ideas. It would be pcssi-
ble to test this if an eddy /°°"6&€ identified and folloved for a
long enough time. It mey be possible to do this with the 1975-6
éz2ta where the sezme eddies may have been deitected at different

cexprs at different tices. Fowever, the coarse array was not de-
signed for tracking eddies but rather for sampling on the synop-
tic meteorological . scele and positive identification of an eddy

ecross the &LIDJEX arrey is difficult. -y
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Introduction

Geophysical and oceanographical exploration of the
Arctic Ocean has progressed largely with the aid of
drifting research stations established on pack ice. The
earliest drift expedition was carried out between 1893
and 1896 by the Norwegian scientist and explorer,
Fridtjof Nansen, who allowed his especially constructed
vessel, Fram, to freeze into the ice to be carried by
winds and currents. During this time Nansen and his
men conducied a remarkable and wide-ranging
program of scientific studies.

Over the past three decades, a number of manned
scientific research stations have been established by
the United States on arctic sea ice in the Amerasia
Basin of the Arctic Ocean. These stations were sup-
ported by aircraft which were based at the Naval Arctic
Research Laboratory in Barrow, Alaska. increasingly,
however, scientific interest has grown in the Eurasia
Basin of the Arctic Ocean, which is not readily accessi-
ble by air from Alaska. The Eurasia Basin contains the
Arctic Midoceanic Ridge. which extends in a straight
line for 2000 km between the Greenland-Spitsbergen
Passage and the Laptev Shelf. The Eurasia Basinis
also the region within which the walers of the Atlantic
Ocean mix with those of the Arctic. A number of
geophysical, oceanographic, and climatic questions
center around these two features of the Eurasia Basin.

To study some of thése problems, a plan was devised
to freeze an icebreaker into the pack ice to repeat the
drift of the Fram {National Academy of Sciences, 1976]}.
However, by the summer of 1977, it was apparent that
the U.S. Navy plan to freeze the USCGC Burton Island
into the arctic ice would not receive sufficient U.S.
interagency support. Therefore, in August 1877, at the
Third Symposium on Antarctic Geology and Geophys-
ics at Madison, Wisconsin, a small group of interested
arctic scientists (T. Gjelsvik, F. Roots, L. Johnson, and L.
DeGoes) met to discuss the matter. It was the
unanimous and enthusiastic conclusion that some
action was needed to spur scientific research in the

eastern Arctic. The concept of Fram | was thus initiated.

EOS, voi. 60, pages 1043-1044
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Planning

The scientific plan was first discussed by U.S,, Cana-
dian. and Norwegian scientists at 2 meeting in Seattle in
September 1977.1n order to broaden the base of scien-
tific research, all interested scientists were inviledto a
meeting in Copenhagen on January 31, 1878, which
was held under the auspices ot the Commission for
Scientific Research in Greenland. Here the scientific
program, as constrained by the available logistic sup-
port, was defined. It was considered important that the
scientific program be as broad as possible in this region
which is so little explored in nearly all scientific areas.
Timing was coordinated to take advantage of the
Lomonosov Ridge Experiment (Lorex) of Canada
[Weber, 1979] so that cooperative programs could be
arranged.

Fram |was organized as a U.S. station, with participa-
tion by Danish scientists arranged for through the Com-
mission for Scientific Research in Greenland, Nor-
wegian scientists through the Norwegian Polar Re-
search Institute, and U.S. scientists through Lamont-
Doherty Geological Observatory under contract to the
Office of Naval Research. The Bedford Institute of
Oceanography served as the Canadian focal paint.

In July 1978, the Polar Science Center of the Univer-
sity of Washington submitted a proposal to the Office of
Naval Research to take on major responsibilities in the
areas of planning and coordination, as well as manage-
ment and field services. With the Office of Naval Re-
search approval to proceed, Polar Science Center, in
the fali of 1978, started the detailed planning process,
which included purchasing of camp equipment and
negotialing contracts for aircraft and personnel support
services.

Scientifically, the basic plan was to establish Fram |
on magnetic anomaly 5 and thence drift over the
southern axial valley of the active spreading center of
the Arctic Midoceanic Ridge, across the Nansen Frac-
ture Zone, and up the continental slope of Greenland.
This track would thus satisfy the majority of the stated
scientific needs. After a short geophysical program on
the shelf, the camp would then be abandoned about
mid-May. As it turned out, however, the ice drift did not
follow the projected trajectories and had not reached
the shelf area at the end of the program.

The problem of logistics, like that faced by Lorex,
was complex. It was decided to paradrop the drummed
tuel and explosives via a low-altitude deployment (LAD)
using Military Airlitt Command (MAC) C-130's from
Thule.

Execution

On February 12, 1979, all field equipment was ship-
ped from Anchorage to Greenland on a commercial C-
130 aircraft with two project personnel. One went to
Nord, with the approximately 30,000 Ibs. (13,608 kg) of
equipment, to start preparations for the project there
and one remained at Thule to coordinate efforts there.
Nord, a small Danish military base in northeast Green-
land, was utilized as the prime logistic support base for
Fram I'through the generosity of the Danish Defense
Command.

In late February and early March, project aircraft,
equipment, and personnel started arriving at Thule.
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On March 11, Fram | was established at approx-
imatety 84 24°N. 06 00'W. alter tne site had been
visited twice in the preceding week during reconnais-
sance by the Twin Otter aircraft.

By March 20, all personnei were at¥ne ice camp. and
by March 22, all pnimary equipment and suppiies had
peen delivered to the station. in 22 Twin Otter thights
and 5 Tri-Turbo 3 (TT3) liights, a total of approximately
80.000 Ibs (36.288 kg) of cargo ana personne!l was air-
litted from Nord to Fram.

By March 23. the 317th Tactical Airlift Wing of MAC
had completed their mission of air-dropping fuel,
inciuding 300 drums of JP-4, 72 drums ot JP-5, 16
drums of Mogas. and 10 tors of explosives from an
altitude of 1600 feet (487.7 m). All paliets tanded safely
Only one pallet went through thin ice with the loss of
parachute and rigging; however, the drums were
recovered by helicopter. All material was rigged in
Thule for paradrop by the Army's 18th Airborne Corps.

During the last week in March, as the science
program had just started into full operation, the camp
was split in two by a crack running through the Bedford
Institute hydrohote. With minor relocation away from the
crack, the sampling program continued almost uninter-
rupted from what had now become two camps sepa-
rated by approximately 1 km. The lead separating the
camp eventually refroze and became a Twin Otler run-
way. With some ongoing ridging and cracking, the ice
held together until the end of the program. After an
‘abnormal’ northerly drift during the month of March,
Fram ! finally started moving south in April.

A gradual reduction of the Fram /| program began on
May 8th, a few days ahead of schedule. The reason for
this came from a combination of circumstances; the ice
in and around the camp was becoming very active, the
approach of summer with foggy weather conditions
started to curtail fiight operations, and science objec-
tives for the most part were met. Although the camp at
the time was moving at a rapid rate il was apparent that
it would not reach the planned conclusion of the
scheduled drift, the continental margin of Greenland.

The last day of data collection was on May 13, and by
May 15 all personnel were off the ice, and the experi-
ment was completed. Poor weather and the loss of the
runway on the final day resulted in more equipment
being left behind than had been planned. In particular,
several shelters with furnishings and kitchen ap-
pliances were abandoned. Remaining fuel was only
5%-6% of the initial cache.

On May 16, the helicopter and the Twin Otter left
Nord for Thule, and the TT3, after a final buoy mission
on May 18, left Nord for Thuie on May 19. Two C-130
aircraft (one on May 17 and one on May 22) evacuated
equipment and remaining personnel from Nord to the
us.

The Scientific Program

Navigation

Fram { drifted mainly southward as expected, except
for an initiai northward movement under southerly
winds. The drift irack, covering nearly 300 km, is shown
in Figure 1. All positions for the camp were determined
with the U.S. Navy Transit satellite navigation system

using Magnavox 1502 and 706 receiver units The twc
portable 1502 units were used for most of tne camp
positions and were also taken to remote sites or occa-
sion for absolute positioning for geopnhysical surveys
Between March 18 and May 12 a totalof 1178 accep!-
able fixes were obtained for Fram ! Maximum standarc
deviations based on Doppler data residuals were 64
in lalitude and 88 m in longitlude The Omega navigation
sets in both the Twin Otter and the helicopter generally
provided reliable navigation for remote surveys.

Bathymetry

Ccean depth along the track of Fram | was monitored
continuousiy with a 12-kHz echo sounder. Spot deptn
soundings away from camp were also oblained during
geophnysicatl surveys by using the helicopter. A
bathymetric profiie aiong the drift track (Figure 2}
showed depth gradually decreasing as the station
drifted over the flank of the Arctic Midoceanic Ridge
from its initial location above the Pole Abyssal Plain
(4000 m). At the time of evacuation, Fram | was located
in 2300 m of water, 30 km from the ridge axis as deter-
mined during helicopter surveys.

Gravity

During the drift, gravity was measured continuously
with a Lacoste and Romberg Model G gravimeter
especiaily modified, with variabie damping and
electronic readout for use on pack ice. This instrument
was also used for helicopter surveys. The results will
provide supplemental information for geophysical
crustlal interpretations and will furnish geodetic data in
an area where filtfe such information existed previousty.

Deep Seismic Refraction

Crustal velocitly structure and its anisotropy were
measured with 12 seismic refraction profiles which
extended to distances of from 40 to 100 km from Fram I.
Both an ocean bottom seismometer and an array of
sonobuoys were used as receivers. The profiles cover
the area from the flanking abyssal plain to the axial
valley and should provide details of lithosphere struc-
ture beneath this siowly spreading ridge.

Sub-bottom Proliling, Shallow Seismic and
Microearthquakes

A 40 cubic inch (101.6 cm3) air gun and a single
hydrophone receiver were used to survey sediment
thickness. On the Pole Abyssal Plain, sediment cover
was represented by over 1 second of two-way travel
time. As the station drifted toward the ridge crest, sedi-
ment thickness thinned progressively. Seismic profiles
at ranges of about 10 km were shot to sonobuoy
receivers to determine the structure of the upper sedi-
ment layers. The three 1o six sonobuoy receivers were
spaced several kilometers apart. They were operated in
a continuous mode in order to monitor microearth-
quakes in the vicinitly of the Midoceanic Ridge. Near the
ridge axis, seismic events were recorded at the rate of
two per hour.
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Fig. 1. Drift track of ice station Fram I in the Arctic Ocean north of Greenland.

Helicopter Geophysical Surveys

Regional geophysical surveys were conducted with
the helicopter based at the camp. Landings were made
at 5-km intervals for gravity and depth observations.
Four hundred kilometers of such survey iine was flown.
In addition 200 km of continuous aeromagnetic fines
were compieted.

Physical Oceanography

The upper ocean was sampled for temperature,
salinity, and velocity on various time and space scales.
Hydrographic profiles were taken toa depthof 270 m
with an ODEC/CSTD instrument, both at Fram / and at
sites remote from the camp. A total of 105 casts were
made with this instrument, 75 of these being taken at
remote sites up to 150 km away from the camp. At the
camp, profiles were taken twice each day {c a depth of
750 m with a Plessey 9040 CTD instrument and 1o 200

m with a profiling current meter. There was considera-
ble variability in the salinity structure of the upper
layers. An extensive surface front was identified with a
salinity difference of 0.7 ppt within a distance of 10 to
15 km. The front was accompanied by a distinct current
system.

Both sea ice and water were sampled for later

analysis of their tritium content.
-

Underwater Acoustics

Exptosive sources were detonated at both Fram /and
the Lorex satellite camp, iceman, for long-range sound
propagation experniments between the two stations. The
etfect of water and ice properties on low-frequency
propagation across the Eurasia Basin was studied.
Ambient acougtic noise was also investigated at each
station. Basin feverberation was also determinéd by
using the large explosions, as well as the other smailer
shots, set oft for seismic refraction use.
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Fig. 2. Bathymetric profile along the Fram / track.
Marine Biology

Primary productivity, nutrients, chlorophyll, salinity,
and temperature were sampled extensively in the upper
200 m of the ocean. The productivity of flora on the bot-
tom of the pack ice was also studied. Mesopiankton
were sampled throughout the water column in order to
study their relation to hydrographic parameters.

Polar Bear Studies

Polar bears, which are now a protected species, have
been of great importance to native hunters in the past.
The migration pattern of these bears is still largely
unknown and a matter of controversy. To provide infor-
mation on their migrations, collars instrumented for
satellite telemetry were successtully placed on four
polar bears to allow them to be tracked over large dis-
tances. Preliminary results show some bears covering a
distance of 250 kmin 1 week. Also, seven bears were
tagged for later identification as a further aid to estab-
lishing migration patterns.

Meteorology and Electromagnetics

The atmospheric boundary layer above the ice flow
was studied with a2 sensor array on a 10-m tower.
Weather data were transmitted twice daily for inclusion
in the World Meteorological Organization surface
charts. Pollution of the polar air was investigated with
sampling of mercury, sulfur, and aerosol content.

Three meteorological data buoys were deployed in
the area north of Svalbard as part of the Garp project,
including one which was activated on the abandoned
Fram | campsite. This buoy has provided further drift
data on the station which exited into the Greenland Sea
during August.

The reception of ELF/VLF radio signals was
monitored and HF absorption was measured.

The following individuals were responsible for scien-
tific programs and support activities:

Navigation, bathymetry, gravity, and physical
oceanography: Kenneth Hunkins, Lamont-Doherty
Geological Observatory of Columbia University;

Shallow seismic, microearthquakes, helicopter
geophysical surveys, air pollution, and electromag-
netics: Yngve Kristoffersen, Norsk Polarinstitutt, Oslo;

Deep seismic refraction and sub-bottom profil-
ing: Robin K. H. Falconer, Atlantic Geoscience Centre,
Bedford Institute of Oceanography, Department of
Energy, Mines, and Resources, Dartmouth, Nova Scotia;

Marine biology: Jean Just, Zoologisk Museum,

Copenhagen;

Polar bear studies: Christian Vibe, Zoologisk
Museum, Copenhagen;

Underwater acoustics: Henry Kutschale, Lamont-

Doherty Geologica!l Observatory of Columbia Univer-
sity,

The chief scientists were Kenneth Hunkins and
Yngve Kristoffersen.

The operations manager was Andy Heiberg, Polar
Science Center, University of Washington. Camp
managers were Al Heilscher, Polar Science Center, and
J. Ardaij, Lamont-Doherty Geological Observatory of
Columbia University.
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Introduction ~

On the fourieenth of March 1981, Fram 3,
the third in a series of four U.S. manned ice
camps, was established in the eastern Arcuic
Ocean a1 84.32°N. 20.07°E for oceanographic
and geophysical research in the Evrasian Ba-
sin north of the Greenland-Spiuzbergen Pas-
sage.

Invesugators from several institutions in
the United Siates, as well as from Canada
and England, participated in studies of physi-
cal and chemical oceanography, low-frequen-
cy underwater acoustics, geophysics, and the
mechanics and propagation of waves through
sca ice. A Bell 204 helicopter and crew were
stationed at Fram 3 throughout the drift in
order 10 suppon research efforts and camp
operations. Several oceanographic buoys that
used satellite telemetry were deployed during
this time period.

Oceanographically, the Fram 3 regicn is of
interest because of the proximity of the polar
front, which separates the outflowing Arctic
surface water from the inflowing Atantic wa-
ter in the Greenland-Spitzbergen Passage and
northward. Significant amounts of heat and
salt are transferred through this strait as
compared to other passages into the Arctic
Ocean, such as the Bering Strait and the Arc-
tic Archipelago [Aagaard and Greisman, 1975).
Variations in these transports of hear and salt
through the Fram Strait may prove to be a
significant factor in climate change. Estimates
of vertical fluxes in heat and salt were also
part of the ongoing experiments of the Fram
expeditions. These would help determine
spatial variations of heat loss from the Adan-
tic water into the upper layers of the Arctic -
Ocean (less than 200 m). jt was also hoped
that dawa might also provide more insight
into the origin and effects of the steep pycno-
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chine that hes dineatdy beneath the mined lav-
er (50 m» and the upper evrent of the Atlan.

nogpater (200-500 . Cusrem theon sug-
pests.that this Liver acthe produc of
winterume ice fornmanon on the shelves sur-
rounding the Arcuc Ocean The rewaliant

culd. saline shelf water w Jarer adhected o

the Arctic Ocean on surfaces of constant den-
sits that reside in the depth range of 50 w0
200 m. Due 10 the very large gradicnis of
temperature and salinitv in this depth range,
the verucal transfer of heat from the Atlantic
water to the upper lavers of the Arctic Ocean
is effeciively minimized. Mesoscale CTD (con-
ductivity, temperature, and depth) surveys
were also conducied by helicopier to depths
of 500 m in order 10 expand the areas of ob-
servation as well as 10 map various features
and their temporal variauons on length scales
of 10 to 300 km. A profiling current meter-
CTD unit was also used at the main camp 10
study the response of the upper ocean to
storms.

At camp, samples for chemical and bio-
chemical analysis, ranging in volume from 1.2
to 100 ), were taken at many levels through-
out the water column. Various projects were
designed to study the concemrations of triti-
um, oxygen, alkalinity, nutrients, respiratory
enzymes, trace metals, ammonia, dissolved sil-
icon, and bomb-produced C-14.

Further geophysical information was also

16 be gathered in the areas of the Nansen Ba-
si: and Yermal Platcau The Nanver Basie
of interest because of s thun oceanie crust
which s a result of the versy daw spreading of
the Arcuic Mid-Ocean Ridge. located several
hundred Lilometers 10 the west The Yermak
Plateau mav be continental in ongin, howes-
er. 1 does not fit well ino a reconstrucuon of
the Jocal conunemal land masses In order o
study these fratures. observanuons of hear
fiow. gravun . short sediment cores. serstne re-
Aecuon profiles, and contimuous precision
depth recordings were made at Fram 3. Sev-
eral seismic refraction hines were also con-
ducted in the vicinity of the Yermak Plateau
and within the Nan<en Basin with the aid of
the hehcoprer.

With all scientific goais accomplished. Fram
3 was evacuated on Mav 13. 1981, a1 a posi-
tion of 81°43'N and 3°15'E. The resuling net
drift of 361 km proved 10 be much longer
than that of Fram 1 (163 km) and Fram 2 (83
km) stations during the previous vears. This
not only allowed experiments 10 be carried
out over a large geographical area but also
over a range of ocean depths, from a maxi-
mum of 4088 m in the Nansen Basin 10 a
minimum of 727 m above the Yermak Pla-
teau. Figure 1 shows the drift tracks of the
three Fram stations superimposed on the gen-
eral bathymetry of the Arctic Ocean.

Background

After completion of the Arctic Ice Dynam-
ics Joint Experiment (AIDJEX) in the Beau-

Fig. 1.

Locations of all portable CTD stations taken during the Fram I, 2, and 3 experi-
ments. Drift tracks of the individual camps are also shown in 1eference 10 Greenland, Spitz-
bergen, and boutom topographic contours. The end of the drift track is labeled by the camp
identification. Depths are given in kilometers.
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fort Sea i 1976, where we mechanics in the
wentral pack was empha\urd. the United
States made a concerted efiort 1o begin geo-
phyacal and occanographic imvestigations in
the castern Arcuc Ocean The Frar expedr-
non senies of short-duranon manned camps
located on the drittng pack ice north of
Greentand has been the focus of thicefion
Cooperation and partiapaton from Norway,
Denmark, and Canadain several of the expe-
ditions have been an imporiant aspect in
these projects.

The project name Fram echoes that of the
specially designed ship that was frozen into
the pack ice of the Arctic Ocean neat the
New Siberian Islands by the Norwegian-ex-
plorer Fridyjof Nansen, in a milestone of po-
lar scientific exploration. During the drift of
the original Frem (1893-96), an unprecedent-
ed amount of information was coliecied over
the deep ocean of the Eurasian Basin.

The first of the modern Fram camps was
established on the drifting ice al 2 position of
84°24°N, 6°00'W. on March 11, 1979 (Figure
1). Fram 1 was a U.S. drifting ice station that
had scientific and logistic participation by
Norway, Denmark, and Canada. Away from
the main camp a CTD survey, seismic refrac-
tion lines, microearthquake investigation. and
polar bear migration studies were supported
by helicopier. At the main camp there were
programs in physical, chemical, and biological
oceanography, as well as surface weather
monitoring. Although the drift of the camp
did not reach its anticipated destination by
evacuation time, a large amoum of geophysi-
cal and oceanographic data were obtained
[{Kristoffersen, 1979; Hunkins et al., 1979a, b].

Preliminary scientific results from Fram 1

- were presented at the special session "Arctic

Geophysics and Oceanography: LOREX and
Fram 1" during the American Geophysical
Union Spring Meeting 1980. Interesting re-
sults suggest that the crust in the Amundsen
Basin is Jess than 3 km thick and is related 10
the slow spreading raie of the Arctic Mid-
Ocean Ridge. Reed and Jackson [1981) have
also formulated a theoretical model for the
relationship between crustal thickness and
spreading rate for the ridge. Data not only
from the Fram expedition but afso from nu-
merous areas around the world agree with
the model. Also observed on one of the re-
fraction lines was a Jocal hot spot over which

the crust was significantly thicker, 8 km [Jack-

son et al., 1982).

Although baroclinic eddies of the type
highly prevalent in the Beaufort Sea north of
Alaska [Manley, 1981; Dixit, 1978; Hunkins,
1974; Newton el al., 1974] were not observed,
a prominent front was found in the mixed
fayer. Heat Rux from the Atantic water into
the surface mixed layer is effectively mini-
mized by the steep pycnocline overlaying the
Atlantic water, even close to the main polar
front region [Aagaard et al., 1979, McPhee,
1980a). Both portable and camp-based CTD
measurements documented a type of frontal
intrusion of colder, more saline waier from
the south and may have originated from the
arctic continental shelves [Aagaard et al., 1979;
“lunkins and Manley, 1980, McPhee, 19800}

In the following spring, Fram 2 was estab-
lished on March 14 for the study of long-
range, low-frequency, underwater acoustics,
and later its two manned satellites, camp 1
and camp 2, were also set up [Allen ef al.,
1980). Matrine geophysics and physical ocean-
ography were conducied at the main camp as
well as along lines radiating away from the
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station. vsing a Bell 204 hehcoprer as n the
Fram ] expenimeni Sarentihic obyecines and
prehmsnary resubs of the underwater acoune.
uc program are given by her and bupieeroem
{1980) and bageereer and Dver [1982] Some
of the more netable results were the aghh
variabie ambient notse condinons and goad
signa)-ln-m)ise ratoys from backscatterg of
signals by features as far away as the Chukdn
Sca Seismic refraction work at Fram 2 mids-
cates that 7 to 8 km of sediment overlay a
crust of less than 5 km, agreeing fairiv dosels
with the Fram 1 vesults {Duckuworth et a!..

1982}

A subsurface mesoscale eddy was observed
an a helicopter traverse 10 camp 1 from Fram
2. This is anlv the second observation GFa
subsurface mesoscale eddy in the Eurasian
Basin. The first abservation of such a feature
was made by Shirshov in 1937 from the Sovi-
et drifting ice station NP-I [as reported by
Belvakov, 1972]. Thickness of the eddy was
about 175 m and was in the depth range of
50 10 225 m. The depth of maximum angular
velocity was calculated 1o be at 90 m. These
characteristics are similar to those observed in
the Beaufort Sea during the main AIDJEX
experiment.

Staging of Fram 3

In late February of 1981 the advance team
for Fram 3 accompanied a group of U.S.
Army parachute riggers from the 612th QM
Company of Fort Bragg, North Carolina, as
well as the support crew and officers of three
U.S. Air Force C-130 Hercules transports
from the 317th Tacucal Air Wing of Pope
Air Force Base, North Carolina, to Thule,
Greenland. These C-130's were then used to
transport all scientific and logistic gear (o the
Danish base at Nord on the northeast corner
of Greenland, while the Army riggers at
Thule prepared the necessary lumber, fuel,
and explosives for eventual C-130 paradrops
over Fram 3.

A DeHavilland Twin Otter and a specially
modified DC-3 “Tri-Turbo’ were then used
for location, establishment, and support of
the drifting ice camp. On March 13, Fram 3
was established on a large muluyear floe that
measured 3 km by 5 km and had an average
thickness of 4 m. Bad weather and radio
communications prevented further Hights to
Fram 3 unul 5 days later.

By mid-April, 203,000 pounds of fuel, lum-
ber, and explosives were paradropped 1o
Fram 3 by the C-130's. An additional 75,000
pounds of scientific and logistic gear were
landed at Fram 3 by way of 24 Twin Ouer
and five “Tri-Turbo’ flights. From April 6 10
May 5 (last day of the scientific program) an
average of 19 people were stationed at the
camp. By the end of the manned drift, a total
of 895 "man days’ had been logged at the
camp.

Final evacuation from Fram 3 was on May
13, at a position of 81°43'N, 3°15'E, 61 days
afier the first landing. The net drift of the ice
station was 361 km to the southwest at an av-
erage drift rate of 5.9 km/d. Due to the me-
andering of the camp along the drift track,
the total distance covered was 505 km, with a
computed average drift velocity of 8.3 km/d.

Following a few days of packing at Nord,
two C-130s from the 36th TAS of McChord
Air Force Base, Washington, removed all re-
maining gear and personnel from Nord 0

Thule A Force Base and then back o the
VUnnted Staes

Fram 3 Scientific
Programs and
Preliminary Results

The msumnons ivoived 1 sacntihe pro-
grams on Fram 3 and avaable preliminan
results are histed below,

Lamont-Doherty Geological Observatory

Station phyvacal oceanography.  Profiles of
conductivity, temperature, and oxygen were
made to depths of 1000 m at least three times
cach day, using a Neil Brown CTD equipped
with an oxygen sensor. Siations to the bottom
of the ocean were taken on a weekhy basis. A
pinger mounted on the CTD permitied data
10 be 1aken within a few meters of the bot-
tom. A 12-bottle rosette sampler and revers-
ing thermometers were used to obtain tem-
perature, salinity, and pressure daia for later
calibration.

Additional CTD stations were 1aken 10 pro-
vide geochemists with small 1.2-1 samples of
water for the study of tritium, oxygen, dis-
solved nutrients, and gases within the water
column; to provide intercalibration stations
between the portable ODE (ocean data equip-
ment) and Neil Brown CTD's; and 10 provide
a concurrent station at Fram 3 at those times
that the portable CTD was away from camp
on a helicopter transect.

Preliminary results show passage of the
main camp through the polar front, a some-
what linear surface feature on the order of
100 km wide and extending 10 a depth of
roughly 300 m. Large temperature and salini-
ty variations were observed frequently within
this depth range. Fine structure was also
highly variable in this area. Yo-yo CTD sta-
tions that were taken every 20 min to depths
of 400 m were, in several cases, inadequate
for keeping track of the individual fine-struc-
tured features. Well-mixed boundary layers
were also observed at abyssal depths as wel
as along the slope and top of the Yermak Pla-
teau.

Mesoscale helicopter oceanographic survey.
Helicopter mability provided the means to

studv mevscale features and their spana
varubilits in the upper 3000 m Tlos was ace
comphshed by using s poriable CTD. avn
the Fram [ and Frem 2 expedimons. Figute |
shows the pounons of the CTD canons taken
in the vianin of cach of the From ce camps
A maior obecnve of 1 program was o map
the polar frontin the vicity of the Fram 3
drftirack Another obwective was e studs
amy eddies withun the segion, s boped thay
further knowledge about these featares will
aid in the understanding of lateral mixing
within the Arctic Ocean and of transport pro-
cesses across the polar front. The camp
passed over two features, 15 and 25 km
across. of anomalously high salinity and tem-
perature. which had apparemls originated
from Adaniic water. They appear to be ed-
dies shed by the polar front. Work done by
Hunkins | 1981} indicates that this region is
baroclinicaliv unstable and that feaiures with
a scale of approximately 30 km are the fastest
growing (doubling time of 2 weeks).

Alignment of the polar from was generally
NE-SW. Its location. on the basis of salinity,
was fairly stationary over the 1-month obser-
vation period. although temperatures showed
a more variable pauern.

Ocean currents.  The properties of inertial
and internal waves were invesiigated with an
arrav of five Aanderaa current meters
equipped with conductivity. iemperature. and
pressure sensors. Two strings of current me-
ters were deployed—one in a lead a1 the edge
of the large Fram ice floe, 5 km from the
camp; and one at camp itself. The ‘Jead
string’ had instruments suspended at depths
of 25 and 100 m, while the ‘camp string’ had
instruments at 25, 100, and 480 m.

The 100-m lead instrument documented
the passage of the camp through part of the
frontal zone. Superimposed upon the fronta)
transition of temperature and salinity along
the steady southwest movement of the camp
are the signatures of the anomalous intrusion
of warmer, more saline water (Figure 2), pre-
viously described in the mesoscale helicopter
oceanographic survey. Data from two Aan-
deraa current meters (25-m lead, 480-m
camp) were discarded because of flooding
and circuitry problems.

Hydroacoustic observations.  Studies of un-
derwater sound propagation were conducted
by using sensitive hydrophones and a single
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Fig. 2. Temperature and salinity time series recorded at the edge of the large Fram 3 ice

fioe. Data were taken by an Aanderra current mceter suspended at a depth of 100 m.
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-prapnone. Bvdrophones were placed at 1 km

and 3 am away from the camp and a1 depihe
of 4t m and 60 . respecavel. The geo-
pheme was placed on the surface of 1the ke at
s disiance of 1.5 ki away from the camp.
Diats were continuoushy tecorded on Hewlen-
Paciard FM recorders

Single earthquakes. as well as earthguake
swarms. were 1ecorded frequentiv, with one
carthquake recorded every day on the aver-
age. Although epicenters of the earthguakes
could not be fixed because of the single re-
cording site. most of them apparently ongi-
nated from the Arctic Mid-Ocean Ridge.

Geophrsical observarions. A marine geophys-
ical program provided background dagg on
position, depth. magnetic dechination, fioe az-
imuth, and gravity. A geophysical data repornt
summarizes these results [Hunkins et al.,
1981). Figure 3 shows the depth and gravity
field along the drift track of Fram 3.

Bedford Institute of Oceanography

Chemical oceanography. The Bedford Insti-
wute of Oceanography’s primary program for
chemical oceanography included measure-
ments of oxygen. salinity, alkalinity, nutrients
(nitrate, phosphate, silicaie), trace metals
(Mn, Fe, Ni, Cu, Zn, Cd). and radionuclides
(Cs-137, Sr-90). The goal in measuring the
first group of components, oxygen, salinity,
alkahnity, and nutrients, was to characierize
the water in the Eurasian Basin and above
the Ycrmak Plateau and to study chemical
processes, €.g., nutrient regeneration. that oc-
cur in the Arctic Ocean. More than 100 sam-
ples were collected at fairly closely spaced
depth intervals from 3800 m to the surface,
as the ice camp drifted toward and over the
Yermak Plateau. For radionuclides and trace
metals the goal was to characierize the water
column and 1o see if there were any near-sur-
face higher concentrations associated with
Bering Sea water, as has been observed near
the North Pole on the 1979 LOREX expedi-
tion [Weber, 1979]. Because sample collection
was more difficult, especially for the radionu-
dides that required 100 1 of water, fewer
samples were collected. About 20 samples for
trace metals and 15 for radionuclides were
collected between depths of 2500 m and the
surface.

A secondary program was to collect ice
samples for analysis of alkalinity and some
major ions (Ca, Mg, Cl, and SO,). The goal
of this program was to analyze the ice to de-
tect chemical differentiation of ions, which
occurs during freezing, and hence possibly 10
be able 10 predict ice mehwater content in
near-surface seawater from an analysis of ma-
jor ion content. Altogether, about 15 differ-
ent ice samples were collecied from leads,
pressure ridges, and one ice core.

Analyses of the samples are presendy un-
derway, and most should be complete within
about 3 months. Detailed interpretation of
the results will take Jonger and will be done
in conjunction with the physical oceano-
graphic measurements.

Seismics and heat flow. The Atantic Geosci-
ence Centre of Bedford lInstitute of Oceanog-
raphy ran a geophysical and geologic sam-
pling program on Fram 3 that consisied of
seismic refraction, seismic reflection, heat
flow, and coring.

The seismic refraction program involved
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Fig. 3. Gravity and 1opography along the drift 1rack of Fram 3.

the use of a tethered ocean bottom seismome-
ter. The sound source was from 20- 10 100-
kg TNT charges carried away from the re-
ceiver by helicopter and delonated in areas
where thin ice made access 10 the water possi-
ble. A 150-km line along anomaly 7 (26 m.y.)
in the Nansen Basin was completed in an
area where oceanic crust formed by slow
spreading could be investigated. Three lines
were run on the Yermak Plaieau. Line 2 was
run in water depths of about 2000 m on the
slope of the Yermak Plateau. Line 3 was par-
allel to line 2 but on the top of the plateau,
and line 4, also on the plaieau, was run per-
pendicular 10 line 3.

The reflection profiling system was in op-
eration at Fram 3 from April 1] 1o May 5,
1981. The ocean bottom seismometer (OBS)
was deployed at camp. but the refraciion pro-
files generally ran parallel 1o structure and
were shol away from the seismic reflection
line at large angles. The reflection records
provided information on the thickness of sed-
iment below the OBS and a cross section
across a portion of the Nansen Basin and the
Yermak Plateau. The 9000-] Edgerion spark-
er provided a clear record of sedimentary
layers with varying dips on the plateau, but
only 2 minimum thickness of sediment in the
basin because oceanic basement is not obvi-
ously recorded.

Along the reflection profile, 10 heat low
measurements were recorded with a 2.5-m
Applied Microsysiems probe, and 10 accom-
panying short gravity cores of about 30 cm
were taken. The heat flow measurement and
cores were done at water depths from 3675
to 795 m, accomplishing a line from the edge
of the Nansen Basin to the top of the Yermak
Plateau.

Refraction lines in the vicinity of the Yer-
mak Plateau indicate that its northern tip is
predominantly of oceanic origin, whereas the
broader, more southern segment is of conti-
nental origin.

Bigelow Laboratory

Chemical and biochemical oceanography. Dur-
ing the first half of the Fram 3 experiment,
observations of the chemical and biochemical
properties of the water column were made.
These included on-site analyses for dissolved
oxygen, ammonia, dissolved silicon, nitrate,
nitrite, and reactive phosphorus from sam-
ples collected directly beneath the ice cover to
a depth of 4000 m. On-site determinations of
the activity of the respiratory electron trans-
port sysiem (ETS) were also made on eight
samples taken from depths as great as 2000
m. Preserved samples were returned to the
Bigelow Laboratory for examinations with a
scanning clectron microscope and for deter-
mination of their nutrient, chlorophyl,
phaeophytin, particulate nitrogen, and partic-
ulate carbon contents.

With the exception of the scanning electron
microscope examinations, all of the labora-

tory work has been completed. Initial analysis ~

indicates that metabolic rates in the Fram 3
water column are extremely low. Nitrite and
ammonia cONCentrations were 2ero or very
close to zero throughout the water column,
and ETS activities were low in the upper 125
m,and undetectable below that depth. This
was the first time that ETS activity could not
be detected in the deep-sea samples. While
these results were not surprising, they will
prove useful (whcn combined with data from
other regions) in clarifying the relative im-
portance of the processes that feed the ‘deep
metabolism’ and in constructing an inorganic
nitrogen budget for the Arctic Ocean. Al-
though some weak maxima and minima were
observed in the vertical dissolved silicon, reac-
tive phosphorus, and nitrate distributions,
there was no evidence for the presence of
substantial amounts of the high nutrient wa-
ters that enter the Arctic via the Bering
Strait. In addition, these data do not suggest
a large contribution 10 the subsurface layers
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from waters formed over the continental
shelf during the ice formation season.

Tritium Laboratory, Rosenstiel School of
Marine and Atmospheric Science

Chemical Oceanography.  Detailed profiles of
water samples were collected at three points
along the drift track for later analysis of their
tritium and *He content. Results from the
earliest samples show highly tritiated water
above the halocline, indicating that, at this
early stage in the drift, Fram 3 was situated in
a region of outflow from the Arctic Basin.
The tritium-salinity relationship of these sam-
ples seems to uphold the view that, below the
upper mixed layer, Nansen Basin water is
composed of binary mixtures of Atlantic
source water and predominantly meteoric
freshwater [Ostlund, 1982). The derived trit-
um values of the freshwater source imply an
approximate 10-year residence time for the
freshwater component in the East Arctic Ba-
sin. Fram 3 tritium->He ages, which provide
an essentially independent estimate of resi-
dence time, corroborate this result.

A profile of large-volume water samples
was obtained by using a 100-1 General Ocean-
ics Go-Flo Sampler. Carbon dioxide gas was
extracted from these samples at camp for lat-
er radiocarbon analysis. Samples down to
1250 m show a definite presence of bomb-
produced '“C; deeper layers show what is
most likely some bomb contribution. There is
measurable tritium all the way down to 3500
m, indicating that there have been contribu-
tions at these depths of water that have been
at the surface within the last 20 years.

Polar Science Center—University of
Washington

Current velocity-CTD profiling, dceanvgraphic
buays, meteorology.  The scientific group from
the Polar Science Center carried out three
main experiments at Fram 3. First. a new Arc-
tic Profiling System (APS) was used during
the experiment 10 examine the response of
the upper ocean to storms. An additional
goal was to use this device to study the verti-
cal and horizontal circulation patterns within
leads. The new APS was built by the Applied
Physics Laboratory of the University of Wash-
ington and is a more compact version of an
earlier instrument described in Morison
{1980). The device is a wire-lowered instru-
ment that measures continuous profiles of
conductivity, temperature, and velocity. Dur-
ing the experiment, there were three storms
for which good records were obtained. Dur-
ing these storms, casts were made to 300 m
every half hour. One such sequence of pro-
files measures the development of a 35-m-
thick mixed layer from an initially stratified
condition and should provide an especially
good basis for comparison with mixed layer
theories. Conditions at Fram 3 were highly
variable, and dramatic changes in the water
structure, especially temperature, were quite
common. The variations are related to the lo-
cation of Fram 3 near the ice edge, and the
data will be compared to those obtained dur-
ing a previous cruise (NORSEX 79) in the
same region made during the fall of 1979.
Unfortunately, no leads opened near camp,
and the goal of studying lead circulation was
not achieved.
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Fig. 1. The drift of the thermistor chain buoy. The device measures temperature 10 200
m and transmits through the ARGOS system. During segments (2) and (3) of the drift, the
buoy was over warm Atlantic water. During segments (1) and (4) it was over cold polar wa-

s

The second experiment inmvolved the de-
ployment and testing of two new oceano-
graphic buoys built by the Polar Rescarch
Laboratory. The buoys ate being developed
10 provide a means of gathering long-term
hydrographic data in the upper Arctic Ocean
One buoy is a thermistor buoy (T-buoy) and
the other is a temperature-conductivity buoy
(T-C buoy).

The T-buoy incorporates an electronics/
ARGOS transmitter package in an aluminum
tube and a Kevlar cable with thermistors im-
bedded in it every 20 m, hanging t0 a depth
of 200 m. The buoy transmits temperature
from all the sensors through the ARGOS sat-
ellite system four times per day.

The buoy was installed at Fram 3 and left
there after evacuation. The primary objec-
tives were to perform intercalibrations with
the APS and T-C buoy, provide a picture of
the thermal structure in the East Greenland
Drift, and test the survivability of the design.
Data gathered simultaneously with the APS
and the T-buoy generally agree.

Afier the end of the experiment, the T-
buoy drifted south along the coast of Green-
land and through Denmark Strait. Figure 4
shows the drift track of the buoay. It is note-
worthy that the T-buoy remained in a fixed
relation with the three other buoys left at
Fram 3 (two from the Polar Research Labora-
tory and one from the Norsk Polarinstituit)
until just north of Denmark Strait, indicating
the Fram 3 ice floe maintained its integrity
for a remarkably long time. The T-buoy
ceased functioning on August 22, near the ice
edge at 67°35'N 25°41'W.

The temperature profiles in Figure 4 show
characteristic thermal regimes in the drift.
The first shows a deep thermocline, indicat-
ing the buoy was on the cold side of the polar
front. The second and third regimes show a
shallow thermocline, indicating the buoy was
on the warm side of the front, in spite of be-
ing 50-100 km from the ice edge. In the
fourth regime the thermocline is again quite
deep, but surface heating appears to be im-
porwant. Fluctuations in the temperature rec-
ords on the time scale of a couple of days
suggest the presence of meanders or eddies
near the front. The continued survival of the
instrument, even in the rigorous ice edge re-
gion, bodes well for the survivability of such
buoys in the pack ice.

The T-C buoy was developed as a step to-
ward remotely measuring both temperature
and conductivity for the study of the mixed
layer in the Arctic. It incorporated three tem-
perature and conductivity sensor pairs at 15
m, 30 m, and 50 m, suspended below a sur-
face electronics package. In this buoy. tem-
perature and conductivity are averaged over
3-hour periods. The average values are then
transmitted during a once daily, 5-hour trans-
mission window.

The buoy was operated at Fram 3 for the
purposes of testing and intercalibration with
other systems, onlv while personnel were at
the camp. The results indicate it worked well.
Instantaneous conductivity values from APS
and the T-C buoy generalily agree within
20.001 s/m, and the temperature values
agree within less than =0.02° C. It has been
found that the deepening of the mixed laver
examined with the APS could also be ob-
served with the T-C buoy. This illustrates the
usefulness of the T-C buoy, even in studies of
relatively short-term processes.
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Finally, a suite of aimospheric measure-
ments were made. They included continuous
recordings of iemperature, atmospheric pres-
sure, wind direction a1 2 m, and wind speeds
at 2 m and 10 m. The data will be correlated
with changes observed with the oceanograph-
ic measurements. They will also be used in
conjunction with geostrophic wind estimated
from buoys, 10 determine geostrophic drag
laws appropriate for the region.

In addiuon 1o their other projects, a therm-
istor chain was installed for the study of in-
ternal waves. Preliminary resulis suggest the
presence of an active internal wave ficld.

Scott Polar Research Institute

Ice strain and wave propagation. The pur-
pose of this experiment was 10 measure the
directional energy spectrum and velocity of
propagation of flexural gravity waves in the
ice cover of the Arctic Ocean, using three ro-
settes of three strain meters, cach in a trian-
gular array, and the attenuation rate of the
waves by simultaneous recording from three-
strain meter rosettes, 1wo being retained at
the main camp and the third being taken to a
helicopter-established camp some tens of
kilomelers away.

For the first experiment an existing hut at
the main camp was used as an instrument
hut, and three rosettes of strain meters were
set up as shown in Figure 5. Each rosette con-
sisted of three wire strain meters of high sen-
sitivity (better than 107* sirain) and rugged
design evolved at SPR] for this purpose

[Moore and Wadhams, 1980]. The strain-sens-
ing element was a 1-m long Invar wire. Each
instrument was frozen ino the ice and pro-
tected by a wooden box, which was placed
over it. Snow was then shoveled over each
box to reduce thermal drift.

Data were recorded on digital and FM ana-
log tapes at times when radio interference
was least, i.c., at night or when there was no
flying between Nord and Fram 3. Recording
went on for 4 weeks during April-May 1981,
and about 150 hours of data were recorded.

Ice thickness was measured at the strain
meter sites. Other data needed for imerpreta-
tion of the resuls and recorded by other in-
vestigators on Fram 3 were wind speed and
direction (continvously), floe rotation (daily,
usually only about 1° per day), and internal
wave activity (by J. Morison using thermistor
chain).

During the second project, three attenua-
tion experiments were carried out by deploy-
ing a fourth strain meter rosette away from
the main camp. Positions of these remote
sites relative to the main camp were 93 km
north, 46 km south, and 139 km north. Each
remote rosette was set up with its axes
aligned as closely as possible with those at the
main camp. At each remote site, at least }
hour of data was recorded concurrently with
recording at the main site.

Pant b of Figure 5 shows a typical lengih of
record from three strain meters in a single
rosette. It is immediately apparent that there
are two distinct components of oscillation
present. The shon-period oscillations have a

typical amplitude of 1077 strain and period
of 30 s. An expansion of the time scale (Fig-
ure 5¢) shows that oscillations from the three
strain meters are in phase. This suggests that
they are flexural gravity waves, as recorded
on previous occasions in the Arctic Ocean
{Hunkins, 1962; LeSchack and Haubrich, 1964).
The ice thickness at the site was 3.2 m, from
which we can infer that the wave amplitude
was about 3 mm. Long waves of this kind can
be explained as being the =nvelopes of wave
packets found in the open sea [Larsen, 1978a,
b). The Arctic Ocean ice cover, however, acts
as a filter, which removes all shorter-period
components by scattering or creep mecha-
nisms. Full analysis of the results will reveal
whether this is really the case, since it will
give the directional spectrum of the waves (10
show Whether they are coming from the
nearest open ocean in Fram Strait), any cor-
relation with local wind (in case direct gener-
ation through the ice is occurring), and the
attenuation rate.

The long-period oscillations apparent in
Figure 56 were unexpecied. They are of
greater amplitude than the shori-period oscil-
lations—typically 5 X 1077 strain—and have
periods of about 10 min. This is far 100 long
for any flexural gravity wave, especially since
it implies a very large vertical amplitude of
ice oscillation. Furthermore, on the expanded
scale (Figure 5¢). and on Figure 5b, it can be
seen that two strain meters are in phase while
the third is in antiphase. This is the result
that we would expect from a wave of com-
pression passing through the ice, ie., a longi-
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tudinal wave. Qur interpretation is that (1)
the ice is responding 10 the presence of inter-
nal waves, concurrently measured by J. Moni-
son and found to have a typical period of 10
min or (2) the ice is responding to the very
small variations in <ea surface elevation asso-
ciated with the internal waves.

On April 10 the long-period strain field in-
creased greatly in amplitude some 24 hours
afier the onset of a 12 m/s wind. If it is true
that ice acceleration generates internal waves
through interaction with pressure ridge keels,
then we would expect increased long-period
ice strain to follow a storm. Further analysis
of the joint data sets will determine whether
this hypothesis is valid. ’
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MIZEX: Inte'rnational Marginal Ice Zone Experiment

Investigates Interaction of Arctic Sea ice, Ocean and Climate

In summe: the central Arctic Ocean is covered
with a mosaiz 0° 1ce hoes about 3 min thickness .
ana rarging up tc severa' kmin width. in winter,
sea ice extenas far beyond the limits of this peren-
ra pack covenng ine entire Arctic Ocean, in-
cluding tne shelt seas. and reaching into the
Beting Sea and Canadian Archipelago. The ice
of this seasonal winter exiension attains one to
two meters in thickness (see Figure). ice extent
varies also on scales other than seasonal. with
fiuctuations varying in length from hours and days
10 the ice-age variauons extending over milienia.

When observed from above, the open ocean 8~
dark in color. while sea ice, when covered with
snow, is white. The albedo (fraction of light re-
flected) is about 0.1 for the open sea and about
0.8 for snow-covered sea ice. This large contrast
in albedos leads to strong contrast in radiation
budgets between ice and open water, which
relates directly to the heat budget over the ocean.

The fundamental question is how sea ice relates
to weather and climate. There is clearly a close
relationship, but it is not clear to what degree sea
ice is a passive result of other climatic influences
and to what degree it is an active element which
is capable of itself interacting with ocean and
atmosphere 10 produce effects which are not pres-
ently predictabie. A number of ways in which ice,
air and water interact have been identified, but
their relative importance is not known.

The actual dividing line between sea ice and
open ocean, the ice edge, should be the most
sensitive area to influences that control ice exient,
7nd it is the region which has been chosen for
study. The location of the edge of the ice pack
depends upon the action of winds and currents,
as well as on the heat budget. These factors are
not straightforward since there is an interaction of
air, sea and ice with each other in various feed-
back loops. For example, when the ocean freezes,
albedo increases sharply, and short-wave radia-
tion, which has been warming the water, is re-
flected, thus intensifying the cooling effect in a
positive feedback. Another positive feedback
occurs when ice melts, stratifying the ocean with
a surface layer of low salinity. The stratification
inhibits vertical mixing and heat loss, thus slowing
the rate of melting.

An understanding of these and other physicai
processes needs to be based on actual observa-
tions of ice edge changes. Such observations are
essential for the design of models designed to
reproduce these processes, making it possible 1o
predict changes in ice edge location. The Lamont
Arctic Group under Ken Hunkins took part last
year in a pilot project, MIZEX 83 (Marginal Ice
Zone Experiment), for a large-scale field experi-
ment now underway on the ice margin between
Greenland and Spitsbergen (see Figure).

. Seven ships and an equal number of aircraft
are involved in the international MIZEX project. In
addition to the U.S. effort (sponsored by ONR}),
there is participation by the Federa! Repubiic of
Germany, Norway, Canada, France, Great Britain
and Denmark, with each nation contributing to
the scientific effort, as well as 10 ship and aircraft
support in some cases. The ice margin in Fram
Sirait between Greenland and Svalbard may be
characterized as “advective,” dominated by ocean
currents and wind, rather than by heat budget. In
this region, sea ice from the Arctic Ocean is
carried far south into the Afiantic by the cold,
low-salinity East Greenland Current on the west
side of the Strait. On the east side, the warm

high-salinity West Spitsbergen Current keeps the
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The maximum and minimum extent of sea ice in
the Northern Hemisphere.

coast nearly ice free throughout the year. The
ocean in the Greenland Sea marginal ice zone is
dominated by permanent and transient frontal sys-
tems, by eddies and by upwelling along the ice
edge. Vertical fine structure (10 m) and mesoscale
(100 m) structures formed by interleaving of
Polar and Atlantic Water intrusions are also fre-
quently observed.

These features are unique 1o the ocean in mar-
ginal ice zones and must interact with the ice and
atmosphere. During summer for example, the
front along the ice edge is intensified by meltwa-
ter input. Another interaction occurs when ocean
eddies carry ice across the marginal ice zone into
warmer water where it melts. In still another inter-
action, the strong stratification resulting from
summer meltwater reduces vertical mixing mo-
mentum and reduces the drag coefficient between
ice and water so that floes drift faster given the
same wind stress to drive them. We need to know
the relative importance of these and other inter-
actions in controfiing the location of the ice edge.

The MIZEX program includes a drifting phase
with an array of instruments deployed on the ice
to monitor the ice motion, meterology and upper
ocean conditions. This instrument array is set and
maintained by icebreaking ships which also spend
part of their time drifting with the ice. Helicopters
trom these ships are used for carrying out ocean-
ographic surveys over the ice-covered part of the
marginal ice zone. A poriable CSTD profiler,
developed by Ocean Data Systems, has been
modified and improved by the Lamont group for
these helicopter surveys. At landing sites, a smail
hole is made through the ice, or a natural open-
ing is used, and the sensor probe is lowered to
500 m, using a special winch mounted in the
helicopter. The objective is to make an oceano-
graphic survey and to map features beneath the
ice cover. During MIZEX 83, profiles were made
at 120 sites by Lamont oceanographers Tom
Maniey and Jay Ardai, using two helicopters
based primarily on the Norwegian MV POLAR-
BJORN, with some flying aiso from the Norwegian
R/V LANCE and FRG icebreaker, POLARSTERN.
These helicopter surveys are closely coordinated
with CTD surveys by oceanographers from the
University of Bergen carrying out surveys in open
water. The helicopter and ship results are combined
to give synoptic views of oceanographic structure
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across the entre marginal ice zone. both open and
covered. During MIZEX 83. a mesoscale ocean
eody abou! 50 km was tracked as i drifte¢t south-
ward beneath the 1ce al a rate of 7 km per day
ove: a 5-cay penod Such eddies can provide an

|« ethicient exchange 0! 1emperatute and salt across

the ice margin. which can afiect its location.

An array of moored oceanographic instruments
forms the other pan of Lamont's MIZEX program.
Four subsurface moorings equipped with current,
temperature ang conductivity recorders were
deployed in 2,400 m water depths near the center
of Fram Strait to monitor mesoscale oceano-
graphic features over a time period of six weeks.
During MIZEX 83, mean currents near the center
of the Strait in open water near the ice edge were
southward, suggesting the presence of a large,
deep gyre which recirculates the entire water
column in this area. Jn addition, a shaliow surface
cold eddy was observed to drift across the array.
This eddy, which was only about 100 m deep,
was evidently shed from the ice edge and pro-
vides another example of eddies mixing temper-
ature and salinity across the ice margin. Surveys
and statistics covering a number of these eddies are
still needed to assess their quantitative importance.

For MIZEX 84, Lamont will have a similar pro-
gram of helicopter-CSTD surveys and oceano-
graphic moorings. As the results are analyzed,
simple physical models are being developed to
interpret the observed features. A conceptual
model of ice export through Fram Strait has been
developed, which emphasizes the importance of
the West Spitsbergen Current in melting ice on the
east side. Ice is driven southward by wind across
the entire Strait. On the Greenland side, the water
is cold, no melting occurs and ice is carried far
south. On the Svalbard side, ice meits as it
encounters the warm waters flowing north. The
implications of this model are being explored with
budget studies based on MIZEX results.

Finally, studies have begun on numerical mod-
els of the ice edge using a simpiified ice-air-
ocean system. The pian is 1o test some of the
feedback mechanisms between ice, air and water
which were mentioned earlier. When these mech-
anisms are effectively modeled and understood,
their eftects will be incorporated in a global at-
mospheric-ocean circulation model (GCM). So
far GCMs, which are used for climatic modeling
and prediction, incorporate sea ice only in a
rudimentary way. It should be possible, as a resuit
of the field and numerical experiments described,
to better understand the physical processes along
the ice edge, so that the most important ones can
be introduced into a GCM for improved climatic
forecasting, which includes the important factor
of sea.ice in a more realistic way.

Southern Ocean
{continued from opposite page)

melting or growth and other parameters at the ice
shelf base. At regular intervals, data would be
telemetered via Argos satellite to institutions
in the U.S.

The polar regions offer a challenge of a scien-
tific and personal nature. As the significance of
the ice fo large scale climate patierns and vari-
ability becomes more apparent, there will be more
ambitous attempts to gather the data necessary
to assess this influence, resolve the relevant
processes and develop effective polar inputs to
climate models. Lamont oceanographers are par-
ticularly active in this quest.
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